Abstract: AdS/CFT correspondence proposed by Maldacena can be regarded as a revolutionary step towards providing a holographic quantum gravity definition via building a configuration that relates black hole physics, condensed matter systems and string theory. Investigating phase diagrams and obtaining precise information regarding the properties of strongly coupled fluids that possesses superconducting fluctuations have been a challenging process for condensed matter physicists. This work incorporates information regarding the wave dynamics of a Lifshitz-like black hole with the specific case z = 2 which corresponds to systems with superconducting fluctuations. We mainly focus on 4D non-Abelian charged Lifshitz black holes with z = 2 hyperscaling violation. The radiation parameters are investigated extensively and exact analytical expressions are achieved. This study might shed light on the mechanism governing the high-temperature superconductors in condensed matter physics.
Introduction
For a wide range of physicists looking at the universe through the eyes of experts in certain fields, anti-de Sitter/condensed matter theory (AdS/CMT) correspondence [1] appears (also known as holographic condensed matter physics) to be an appealing subject to dive into. One of the main reasons for this is the fact that AdS/CMT correspondence acts as a bridge between gravitational backgrounds, quantum field theory, and condensed matter physics. Throughout holographic condensed matter physics, non-quasiparticle transport is studied based on experimental phenomena and is compared with black hole (BH) solutions in large field theories [2] . In 1973, Bardeen, Carter, and Hawking [3] showed that BHs obey the laws of thermodynamics; and in the sequel Hawking [4] stated that BHs are actually not black. On the contrary, they evaporate and their associated spectra are modified by the greybody factor (GF), which is going to be the main focus of this study. As the spacetime of our concern includes hyperscaling violation, we first need to introduce the associated exponents (namely z and θ).
In the years since dynamic critical exponent z [5] and hyperscaling violation parameter θ [6] have been proposed, a great many research has been conducted by scientists of many professions, both from observational and theoretical aspects. Throughout [5] , different quantum systems are studied in detail; and consequently, the values that z is allowed to possess are figured out for each case. In addition to being regarded as the main source where the dynamic critical exponent was suggested for the first time, Ref. [5] carries a vital importance in literature, as it provides a linkage between the zero temperature or low temperature behavior of quantum mechanical systems and the associated z values (the study particularly focuses on the cases for which z = 1, 2, 3 and 4). On the other hand, Fisher [6] is devoted to maintaining arguments on re-normalization and scaling, once a second order transition controlled by a zero-temperature fixed point is achieved for Random-Field Ising systems; and yet the significance of hyperscaling violation parameter for such systems is pointed out. Both studies ( [5] and [6] ) are supported by experimental phenomena [7] [8] [9] and a great deal of studies are carried out emphasizing the role of these exponents in condensed matter physics [10] [11] [12] and in string theory [13, 14] . For a detailed study on the superconducting nature of the boundary theory and investigation of the effect of dynamical exponent on the formation of scalar condensate, see [15] . On the observational side, mainly antiferromagnets situated in fields are investigated [16] [17] [18] ; and the aforementioned remarks are achieved. From the perspective of general relativity, however, exploring the effect of these exponents on the wave dynamics of some specific BH structures may be of interest. Throughout this work, we have taken the opportunity to investigate the influence of z and θ on the radiation spectrum, in particular on the GF of a 4-dimensional (4-D) Lifshitzlike BH. Further details regarding the geometrical properties of the BH of concern will be provided in Section II.
In the literature, there exist numerous studies on hyperscaling violating BHs among which some can be viewed from [19] [20] [21] [22] [23] [24] [25] [26] . However, our work differs from previous studies in the manner that we particularly focus on the computation of GF for the case when the charged and hyperscaling violated Lifshitz-like BH subsists in a 4-dimensional background; additionally, the dynamic critical and hyperscaling violation exponents read z = 2 and θ = −1, respectively. This case is rather substantial, as systems of z = 2 exhibit superconducting fluctuations [5] . The discovery of superconductivity dates back to 1911 [27] and it had managed to sustain outrageous interest, especially during the period up to 1957 [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . As is well-known, superconductivity does not only remain as an active research topic, but also plays a vital role in many exquisite scientific discoveries, for particle accelerators make use of superconductors [40] . Since the establishment of low temperature systems is considerably expensive, high temperature superconductors have recently started grasping attention. It is worth noting that cuprates [41] and pnictides [42] are among the most favored structures for experimental investigation of such systems.
In addition to the aforementioned information on superconducting systems, one shall recall that throughout [43] , an exact solution for the Mott problem has been maintained, and furthermore it is shown that BHs may indeed be good candidates for revealing significant information regarding the superconductivity. The main motivation for our study has been the will of diving into the computation of Hawking radiation modifications and seeing the linkage between some particular BH structures and superconductors; and this consequently led us to GF evaluation of the 4D non-Abelian charged Lifshitz BHs with z = 2 hyperscaling violation. In [44] , an interesting solid state approach to BH thermodynamics is maintained. In particular, the framework of the proposals made in [44] suggests a mapping between quantum physics of BHs and thermodynamic properties of superconductors. The correspondence can be tabulated as follows: To sum up, z = 2 models correlate gauge/string theory correspondence and quantum mechanical systems in condensed matter physics. The similarities between two phenomena are presented elaborately in [45] . In this work, we are aiming to conduct an analytical solution for radiation spectrum of such systems and this may, in future studies, be treated as a toy model for further-understanding the structure of high temperature superconductors.
The structure of the paper is as follows. Section II includes details on the geometrical structure of the 4D non-Abelian charged Lifshitz BHs with z = 2 hyperscaling violation and yet provides the steps for evaluating an analytic solution for the Lifshitz-like BH under scalar perturbation in a clear manner. Accordingly, in Sect. III, GF, absorption crosssection, and decay rate of the concerned BH are computed by means of flux evaluations which is followed by final conclusive remarks demonstrated in Sect. IV.
2 The Behaviour of Massless Scalar Field in Non-Abelian Charged Lifshitz Black Holes with z = 2 Hyperscaling Violation
The Geometric Structure
For strongly-coupled systems in holographic condensed matter physics, 't Hooft matrix large N limit needs to be taken into account. The fields of concern, Φ k , are large N × N matrices and the interactions are illustrated in [1] as
where k = 1, 2, ..., N . The Lagrangian that characterizes the dynamics of such a system is defined as
in which λ denotes 't Hooft coupling and for the cases when λ is large, strong interactions occur. In our scenario, there exists a strong coupling between Einstein gravity, the cosmological constant Λ, and the fields of concern; namely the dilaton, Maxwell, and N SU (2) Yang -Mills fields which are denoted as φ, A and A a k , respectively (note that a also runs from 1 to N ). Lifshitz BHs with hyperscaling violation are solutions to the Lagrangian [24] 
where
at which q stands for the exact electric charge of concern, g k is linked to coupling of the Yang Mills term and R is the Ricci scalar. Furthermore, one shall write
Holographic correspondence states that the action involves fields propagating on a higher dimensional curved spacetime. In [24] ; [22] and [46] are emended and the Lagrangian of the concerned model is constructed; for which non-Abelian, electrically charged Lifshitz BHs with hyperscaling violation arise as solutions to the corresponding equations of motion.
It is worthwhile to recall that we are interested in the specific case when z = 2, D = 4 and θ = −1. Hence, one can write
where H(r) = r 3 f (r) and f (r) = 1 − As there exist massless scalar field perturbations in our geometrical background, one needs to use the Klein-Gordon equation (KGE) for the evaluation process of the analytic solution to be obtained.
Klein Gordon Equation
Since our focus in this work concerns massless scalar particles, we employ the KGE:
where ϕ = denotes the massless scalar field. By considering the symmetries of the BH (2.4), one may set [25] ϕ(t, − → x ) = R(r)e i κ. x e −iωt , (2.11) which leads to a more compact form of the KGE which will in turn be used for evaluating the analytical radial solution. Note that κ and x respectively indicate wave and spatial vectors, whereas ω denotes frequency of the emitted radiation. The radial part of Eq. (2.10) can be written as
where r H and −κ 2 denote derivative with respect to r, outer event horizon and the eigenvalue of the Laplacian in the flat base submanifold [25] , respectively. Furthermore, z = r −2 (r 2 − r 2 H ). Assuming R(z) =z α F (z) allows us to compare the equation in hand with the hypergeometric differential equation [48] 
This results in 14) with the relevant constants 17) and
Throughout this work, we will be choosing α = −(iω/2κ s ). More precisely, let us set 20) and
Then, the general solution for the radial function is obtained as
After this point, one shall split the problem into two parts and investigate the behaviour of Eq. (2.23) near the event horizon and at the spatial infinity regime separately. This will then provide the desired information regarding the flux computation.
Radial Solution for Near Horizon Region
To be able to obtain an exact expression for the GF, absorption cross section, and decay rate of the concerned BH, one first needs to impose the boundary conditions both for the near horizon region and at spatial infinity and then compute the fluxes in the concerned regimes. For the case when r → r H , or equivalently forz → 0, the hypergeometric function vanishes and the radial equation is expressed as
and as we are interested only in the incoming waves at the horizon, one shall set C 2 = 0. This enables us to rewrite Eq. (2.24) as
This implies that Eq.(2.11) for the near horizon region can explicitly be stated as
Then, for evaluating the incoming flux at near horizon regime, one shall use 27) which takes the form
with C 1 = C 1 e ωπ/2r 2 H .
Spatial Infinity Solution
Similar to Eq. (2.27), the computation of the emitted radiation's flux at spatial infinity can be carried out via
From Eq. (2.29), it can be seen that one first needs to maintain an analytic expression for the radial solution for the concerned regime. At spatial infinity, the hypergeometric solution (2.14) reduces to
which yields
with
Therefore, we have
With the relevant constants in mind, Eq. (2.29) becomes
Note that SI = in − out , where in and out denote incoming and outgoing fluxes at spatial infinity, respectively. Due to the conservation of the total flux, SI = in , and hence only the ingoing wave at infinity, namely Eq. (2.31), is of interest for spatial infinity regime.
3 Thermal Radiation of 4D Non-Abelian Hyperscaling Violating Lifshitz Black Hole with z = 2
In this section, we will be carrying out final steps for obtaining analytical expressions for the main focusing point of our study, the thermal radiation parameters γ, σ abs , and Γ, which stand for the GF, absorption cross-section, and decay rate, respectively. To obtain these parameters, we need to start from the GF evaluation, which is maintained via [49] 
and, for our case, it gets the following form
Substituting the relevant constants (2.19), (2.20) , and (2.21) in Eq. (3.2), we obtain
3) The final form of the GF for our concerned Lifshitz-like BH can thus be expressed as 
κs+2κsk)
2 +(ω+ ω)
with ω = ω 2 + κ s (κ 2 − κ s /4). Having obtained the GF, one may now have the virtue of evaluating some other thermodynamic quantities. Let us start by computing the 4D absorption cross-section which reads [50] 
Substituting Eq. (3.4) into the above expression, we have
Finally, the decay rate of our concerned BH (2.4) can be computed by using
which results in
Conclusion
Non-Abelian Lifshitz BH with z = 2 hyperscaling violation has direct relation with superconducting systems. High-temperature superconductors have been attracting attention for many years and still remains as an open research topic, as these systems have a wide variety of applications such as being used in particle accelerators, MRI scanners, transportation systems and so on. Despite being actively used in many different fields of science, the phase transitions of these systems still have mysteries awaiting to be solved. In fact, many of the important properties of superconductors such as Meissner effect and Abrikosov vortices depend on the dynamics of the field. In this study, we have focused on the scalar perturbations of the non-Abelian Lifshitz BH with z = 2 hyperscaling violation that have provided us the analytical expressions for the GF, absorption cross-section, and decay rate of this Lifshitz BH. In the future, we hope that the exact solutions obtained in this work might be experimentally verified in superconducting systems which can in turn be used throughout gathering more information on strongly coupled fluids. The desire of attaining the condensed matter analogue of our analytic results acts as a motivation for further research and discussion, as there exists a broad range of applications of AdS/CMT correspondence in many different areas of physics. Finally, it is worthwhile to re-investigate the outcomes of this study in the presence of back-reaction. We hope to be able to report on this case in the near future.
